Per the revised fourth edition World Health Organization classification of acute myeloid leukemia, pure erythroid leukemia is now the sole type of acute erythroid leukemia. The diagnosis of this rare entity is often challenging and the cytologic overlap with non-neoplastic (eg, megaloblastic anemia) and neoplastic entities (eg, other types of acute leukemia and non-hematopoietic malignancies) warrants a significant degree of clinical, laboratory, immunophenotypic, and genetic investigation. Given the limited number of reports of this rare and diagnostically challenging entity, we report detailed clinicopathologic characteristics from 15 patients, the largest series thus far, of primary de novo pure erythroid leukemia to provide further diagnostic insights into this entity and reveal strategies for making the diagnosis. We found that de novo pure erythroid leukemia is a disease of adults (median age 68 years), exhibits a striking male predominance, is universally associated with an abnormal karyotype and has an exceedingly poor overall median survival of 1.4 months. Given the general inability of immunophenotypic markers to discriminate neoplastic from non-neoplastic erythroid proliferations, key features identified in this study to help establish the diagnosis of pure erythroid leukemia and exclude mimickers include circulating pronormoblasts, clear-cut dysplasia in erythroid, granulocytic, and/or megakaryocytic lineage, utilization of a broad immunophenotypic panel, TP53 immunohistochemical positivity, and identification of a complex, often highly complex, karyotype. Given the gravity of a diagnosis of de novo pure erythroid leukemia, it should be rendered with utmost confidence.
The 2016 revised World Health Organization classification of hematological malignancies recognizes pure erythroid leukemia as the sole type of acute leukemia with bona fide erythroid differentiation. 1, 2 In the prior 2001 and 2008 World Health Organization classifications, erythroleukemia (erythroid/myeloid) and pure erythroid leukemia were recognized as subtypes of the broader category of acute erythroid leukemia. [1] [2] [3] However, the former has been removed as a diagnostic category from the revised fourth edition World Health Organization classification because of the low reproducibility of non-erythroid blast counts and the close biological relationship specific cytogenetic and/or molecular abnormality has not yet been described for pure erythroid leukemia, cytogenetic studies have shown that a complex karyotype is almost invariably encountered in these cases. 1, 7, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In addition to the morphologic overlap, pure erythroid leukemia occasionally shows hyperdiploidy/near tetraploidy by cytogenetic studies, karyotypically mimicking a carcinoma or sarcoma, which can further complicate the final interpretation.
Given the significant diagnostic challenges and associated poor prognosis of pure erythroid leukemia, it is important to be aware of and exclude all potential differential diagnostic considerations. The majority of our knowledge about pure erythroid leukemia stems from multiple large comprehensive studies on erythroleukemia (erythroid/myeloid), and de novo and secondary pure erythroid leukemia. In order to gain further insights specifically into de novo pure erythroid leukemia and help inform diagnostic decision-making, we sought to investigate the clinicopathologic and cytogenetic characteristics of de novo pure erythroid leukemia cases from our institutional experience. To our knowledge, this is the largest series to date reporting on de novo pure erythroid leukemia.
Materials and methods

Case Selection
Bone marrow cases diagnosed as pure erythroid leukemia according to the revised fourth edition World Health Organization criteria were retrieved from the Mayo Clinic Rochester Department of Laboratory Medicine and Pathology files during the period from January 2001 to January 2017. 1, 2 Pure erythroid leukemia cases that were ultimately included were restricted to those determined to be de novo in presentation based on a rigorous review of clinical and pathologic material. Cases with a prior history of a myeloid neoplasm and/or exposure to chemotherapy and/or radiation were excluded. Within the time frame of the study, 44 total cases were diagnosed as erythroleukemia. Eleven of the 44 were diagnosed as pure erythroid leukemia but were excluded either because they were secondary to prior chemotherapy and/or radiotherapy (ie, therapy-related myeloid neoplasm, N = 6) or arose from an antecedent myelodysplastic syndrome (N = 4) or myeloproliferative neoplasm (N = 1) without prior therapy. We also excluded 18 cases of erythroleukemia, erythroid/myeloid type (M6a) as this subtype of acute erythroid leukemia has been eliminated from the revised fourth edition of World Health Organization classification. Table 1 summarizes the inclusion criteria for the cases in this study. This study was approved by the Mayo Clinic Institutional Review Board.
Clinical Data
Key clinical data obtained from the medical record included patient age, gender, and clinical course, including time to death and overall survival.
Morphologic Studies
Diagnoses were established according to the revised fourth edition World Health Organization classification criteria using a combination of morphologic, immunohistochemical, and/or molecular findings. 1, 2 All peripheral blood, bone marrow aspirates, trephine biopsies were reviewed by an experienced hematopathologist (KKR). The diagnostic criteria were met by bone marrow aspirate and/or core biopsy findings.
Immunophenotyping Studies
Immunohistochemistry. Immunohistochemical analysis was performed on 5μm, formalin-fixed, paraffin-embedded sections in all cases. A broad immunohistochemical panel was utilized in the evaluation of the cases. Primary antibodies included CD34 (QBEnd/10, Leica (Novocastra)), CD117 (YR145, Cell Marque), CD71 (MRQ-48, Cell Marque), E-Cadherin (4A2C7, Life Technologies), Myeloperoxidase (Dako), Hemoglobin (Cell Marque), Glycophorin A (GA-R2, Ventana), and TP53 (DO-7, Ventana).
Flow cytometry. After isotonic erythrocyte lysis, flow cytometric immunophenotyping was performed on anticoagulated bone marrow aspirate specimens using previously described methods. 22 Samples were examined with flow cytometric immunophenotyping using a single eight-color tube containing antibodies from BD Biosciences (San Jose, CA; CD13-PE (L138), CD15-V450 (MMA), CD16-APC-H7 (3G8), CD33-PE-Cy7 (P676), CD34-PerCP-Cy5.5 (8G12), CD45-V500 (H130), HLA-DR-FITC (L243), and CD117-APC (104D2)). A total of 100 000 events were collected per case. The data were analyzed using Kaluza software (Beckman-Coulter, Brea, CA) and/or Diva software (BD Biosciences). 23 Abnormal clones were defined as two or more cells with the same structural abnormality, or the same extra chromosomes, or the presence of three or more cells with loss of the same chromosome.
Fluorescence in situ hybridization (FISH) was performed on cell suspensions prepared from fresh bone marrow aspirate pellets using standard techniques. Probes targeting TP53 to assess for deletion were utilized. FISH was performed by codenaturation on a HYBrite instrument (Vysis/Abbott, Abbott Park, IL) at a denaturation temperature of 72°C for 2 min for freshly dropped cells, followed by overnight hybridization at 37°C. At least 100 nuclei were examined for each probe whenever possible. Images were captured on a Leica DM5000B microscope (Leica Microsystems, Buffalo Grove, IL).
Results
We identified 15 cases of de novo pure erythroid leukemia. By our best estimation, pure erythroid leukemia accounts for o 1% of all acute myeloid leukemias diagnosed at our institution during the selected time frame. Given that many of the cases were received in consultation, a more precise estimate of incidence is precluded. A comprehensive summary of the clinical, laboratory, morphologic, immunophenotypic, and cytogenetic features from the cases is shown in Tables 2 and 3 .
Clinical Characteristics and Overall Survival
There was a striking male predominance with a male:female ratio of 12:3. The mean patient age at diagnosis was 68 years (range 47-87). For the 13 patients with survivorship data, the average time to death was 2.0 months (range 0.2-5.77) with a median overall survival of 1.4 months.
Laboratory and Morphologic Findings
Peripheral blood. Fourteen of the 15 cases had an available complete blood cell count. Seven of the 14 cases (50%) were characterized by pancytopenia ( Table 2 ). The remaining 7 cases had bicytopenia consisting uniformly of a combination of anemia and thrombocytopenia. On review of the peripheral blood morphology, circulating pronormoblasts were noted in 10 cases (67%), generally comprising 5% or less of nucleated white blood cells (Figure 1(1a) , (2a), and (3a)).
Bone marrow aspirate. Bone marrow aspirates/ touch preparations were reviewed in all cases. The bone marrow differential counts were determined from the aspirate smears in cases with adequate cellularity and representation (Table 2 ). In 8 of 15 cases, we noted discrepancies between the pronormoblast counts in the aspirate (underestimated) and core biopsy.
Myeloid blasts did not exceed 20% in any of the cases and no Auer rods were identified. The morphologic features of the pronormoblasts were similar across the cases. Wright-Giemsa-stained slides showed a proliferation of large immature cells with round/oval nuclear contours, dispersed chromatin, 1-3 elongated nucleoli, and a moderate rim of deeply basophilic cytoplasm, often containing vacuoles (vacuoles in 9 of 15 cases) Figure 1(1b) , (2b), and (3b)). The majority of the cases, 13 of 15 (87%), showed a predominance (at least 50% of total red blood cell precursors) of pronormoblasts compared to all erythroid precursors, rendering a potential misinterpretation of an erythroid predominant myelodysplastic syndrome unlikely (Table 2) . Ten cases harbored residual erythroid maturation, in which erythroid dysplasia (nuclear budding/blebbing and multinucleation) was clearly present. Morphologic evaluation for granulocytic and megakaryocytic dysplasia was quite limited due to the marked decrease in residual granulopoiesis and megakaryopoiesis. However, megakaryocytes, when present, were often dysplastic (9/15) and characterized by small monolobated forms, micromegakaryocytes (7/15) and/or hyperchromatic forms (4/15). Granulocytic dysplasia could only be reliably assessed in 2 cases.
Bone marrow core biopsy. All cases had adequate bone marrow core biopsies. The bone marrow was uniformly hypercellular for age. Hematoxylin-andeosin-stained sections showed a marked erythroid proliferation with prominent left shift distribution in aggregates and sheets (Figure 1(1c) , (2c), and (3c)). The majority of the cases showed a marked predominance of pronormoblasts compared to all erythroid precursors (Table 2) . In tissue sections, the pronormoblasts are morphologically remarkable for large round nuclei with stippled chromatin, 1-3 eosinophilic, elongated nucleoli, and a scant to moderate rim of basophilic cytoplasm. On low-and medium-power examination, the pronormoblasts uniformly form large, expansive foci, which on occasion may appear cohesive and/or sinusoidal mimicking a metastatic tumor (not shown). Residual background hematopoiesis is typically markedly decreased due to bone marrow effacement by the erythroid proliferation. De novo pure erythroid leukemia lymphoma (CD3), myeloid/monocytic lineage (myeloperoxidase (MPO) CD13, CD33, and lysozyme), megakaryocytic lineage (CD61), carcinoma (OSCAR and various cytokeratins), and melanoma (S100).
Immunophenotypic Features
Immunohistochemistry. In general, the demonstration of erythroid lineage in the neoplastic cells resulted from a combination of positive erythroidassociated or erythroid-specific markers, and absence of non-erythroid lineage markers. An immunophenotypic combination of CD71, CD117, E-cadherin, hemoglobin, OSCAR, and myeloperoxidase are, at a minimum, useful in this regard. The pronormoblasts were positive for CD71 (14/14), CD117 (13/14) , and E-cadherin (12/13; Table 3 ) (Figure 1, 1d, 2d, 3d-3e ). Of the erythroid-specific markers (glycophorin A and hemoglobin), the pronormoblastic proliferation was in general less positive, demonstrating only weak and subset positivity (Figure 1 , 1e, 2e, 3f) ( Table 3) . CD61 was performed in 12 of the 15 cases and showed markedly decreased megakaryocytes in 10 of the 12 cases with no co-expression on the proerythroblasts. CD34 was negative in 13 of 14 cases with dim partial positivity in 1 case. In all, 7/7 cases were negative for myeloperoxidase. TP53 immunohistochemistry was positive in 9/9 tested cases. This positivity was seen as strong, diffuse nuclear staining in the tumor cells (Figure 1, 1f and 2f) .
Flow cytometric immunophenotyping. Flow cytometry was performed in 13 of 15 cases. The findings with regard to the precursor erythroid population were predominantly non-contributory due to hemodilution and/or loss of the precursor erythroid population due to the red blood lysis procedure. However, in 5 cases the presence or absence of CD34 and/or CD117 expression was reliably determined by flow cytometry (Table 3 ). In addition, bright CD36 positivity, as expected, was demonstrated in the cases where the cells of interest were present.
With regard to a myeloblast population, flow cytometry was able to identify either absence or a small percentage of residual myeloid blasts. The immunophenotypic characteristics of the myeloblasts were quite typical, including expression of CD34, CD117, and the myeloid-associated antigens CD13 and/or CD33 in 7 of the 8 cases with discernible myeloblasts. Table 2 highlights the immunophenotypic features of the myeloblast population.
Cytogenetic and FISH Findings
All 15 cases demonstrated a complex karyotype of which 12 (80%) were markedly complex (410 abnormalities). Four cases had hyperdiploid karyotypes, and 9 had hypodiploid karyotypes ( Figure 2 ). Many cases harbored classic myeloid-associated abnormalities, such as del(5q) (9/15, 60%) and/or − 7/del(7q) (5/15, 33%). Abnormalities involving chromosome 17 were also frequent, most commonly monosomy 17 (8/15, 53%) and uncommonly loss/ abnormalities of 17p (1/15, 7%). Six of our 9 cases The bone marrow aspirate smear shows a predominant population of highly distinctive abnormal pronormoblasts with discrete, variably sized cytoplasmic vacuoles, round nuclei with multiple nucleoli, and deeply basophilic cytoplasm (×600 magnification, Wright-Giemsa). (1c) High-power examination of the bone marrow core biopsy shows effacement of normal bone marrow by a prominent population of large cells with round-ovoid nuclei, multiple basophilic nucleoli, and moderate eosinophilic cytoplasm (×600 magnification, H&E). (1d) E-cadherin immunohistochemistry highlights the prominent pronormoblastic proliferation with strong membrane staining (×400 magnification, E-cadherin immunohistochemistry). (1e) Hemoglobin is weakly positive in a small subset of the pronormoblasts with more readily identifiable positivity in the more mature erythroid forms (×400 magnification, hemoglobin immunohistochemistry). (1f) TP53 immunohistochemistry shows uniform strong nuclear positivity in the pronormoblastic cells (×400 magnification, TP53 immunohistochemistry). (2a) The peripheral blood smear shows moderate anemia with two circulating pronormoblasts with distinctive cytoplasmic vacuoles (middle; × 600 magnification, WrightGiemsa). (2b) The bone marrow aspirate smear shows a prominent erythroid precursor population composed primarily of pronormoblasts with round nuclei and deeply basophilic cytoplasm. This smear shows the occasional phenomenon of numerous broken cells, which may impart difficulty in cellular cytologic assessment and differential counts (×400 magnification, Wright-Giemsa). (2c) Medium-power examination of the bone marrow core biopsy shows a prominent interstitial population of large cells with round-ovoid nuclei, multiple basophilic nucleoli, and moderate eosinophilic cytoplasm. Occasional interspersed residual more mature erythroid cells are also noted (middle left; × 1000 magnification, H&E). (2d) CD71 immunohistochemistry highlights the prominent pronormoblastic proliferation with strong membrane staining with minimal staining of the more mature few residual erythroid precursors (×400 magnification, CD71 immunohistochemistry). (2e) Glycophorin A stains a rare pronormoblast with more readily identifiable positivity in the more mature erythroid forms (×400 magnification, glycophorin A immunohistochemistry). (2f) TP53 immunohistochemistry shows uniform strong nuclear positivity in the pronormoblastic cells (×400 magnification, TP53 immunohistochemistry). (3a) The peripheral blood smear shows pancytopenia with a rare circulating pronormoblast with deep blue cytoplasm (×1000 magnification, Wright-Giemsa). (3b) The bone marrow aspirate smear shows a prominent erythroid precursor population composed primarily of pronormoblasts with round nuclei, conspicuously stippled chromatin, and deeply basophilic cytoplasm (×600 magnification, Wright-Giemsa). (3c) High-power examination of the bone marrow core biopsy shows a prominent sheet-like proliferation of large cells with round-ovoid nuclei, stippled chromatin, occasional small nucleoli, and moderate eosinophilic cytoplasm. Minimal residual normal hematopoiesis is present (middle left; × 400 magnification, H&E). (3d) CD71 immunohistochemistry shows uniform strong membrane positivity in the pronormoblastic cells (×400 magnification, CD71 immunohistochemistry). (3e) CD117 immunohistochemistry highlights the pronormoblastic proliferation with typical predominantly weak membrane staining (×400 magnification, CD117 immunohistochemistry). (3f) Hemoglobin stains a decent proportion of the pronormoblasts in this case making a determination of erythroid lineage straightforward (×400 magnification, hemoglobin immunohistochemistry).
positive for p53 by immunohistochemistry showed monosomy 17 or 17p deletion/abnormality by karyotype. TP53 FISH was performed in 5 of 15 cases (3, 7, 8, 10, and 15) and 3 showed a TP53 deletion (3, 7, and 8). A few cases showed 7p abnormalities (4/15, 27%) and/or nonrecurrent homogeneously staining regions (4/15, 27%; Figure 2 ). An unbalanced whole-arm rearrangement was observed in 4/15 (27%) cases (Figure 2 ).
Discussion
De novo pure erythroid leukemia is a rare entity, representing o 1% of all acute myeloid leukemia cases in our experience. This cohort, the largest to date, to our knowledge, provides a comprehensive and detailed assessment of the clinicopathologic and cytogenetic features of 15 de novo pure erythroid leukemia cases. This cohort is distinct from other large, inclusive, published series in that secondary forms of pure erythroid leukemia and cases of erythroleukemia (erythroid/myeloid type) are not included. 7, 12, 15 This study confirms that pure erythroid leukemia is indeed an uncommon diagnosis, presents a veritable diagnostic challenge, is associated invariably with a complex (often highly complex) karyotype, and has very aggressive clinical course. Given these features, an extensive workup, including clinical history, laboratory studies, morphology, complete immunophenotyping, and cytogenetics is typically required to establish the diagnosis with confidence. Important clues supporting the diagnosis, after meeting revised fourth edition World Health Organization classification criteria, include circulating pronormoblasts in the absence of other intermediate erythroid forms, predominance of pronormoblasts in the aspirate/ biopsy, clear-cut background dysplasia (which is typically difficult to assess in the granulocytic and megakaryocytic lineages given the erythroid predominance), immunophenotypic exclusion of non-hematopoietic entities, p53 immunohistochemical positivity, and a highly complex karyotype, which may or may not contain typical myeloidassociated abnormalities.
Morphologically, the diagnosis of pure erythroid leukemia may also be difficult in the setting of a suboptimal or inadequate bone marrow aspirate specimen. In such circumstances, the bone marrow aspirate differential count may not meet the revised fourth edition World Health Organization classification cutoff for a diagnosis of pure erythroid leukemia, rendering the possibility of misinterpretation as a myelodysplastic syndrome likely. Thus, it is critical to evaluate a touch preparation and/or core biopsy for complete interpretation. Indeed, the extent of leukemic infiltration by pronormoblasts is often more evident on the bone marrow core biopsy, frequently demonstrating diffuse effacement of normal hematopoietic architecture. 1, 2, 7, 14 Immunohistochemistry, in these situations, may be useful not only in delineating erythroid lineage but also in providing an overall quantification of leukemic involvement.
Immunophenotypic studies are necessary, but can be challenging, in the evaluation of pure erythroid leukemia. First, the lack of specificity of CD117, CD71, and E-cadherin to discriminate neoplastic from non-neoplastic erythroid proliferations often requires utilization of extended immunohistochemical panels to exclude other diagnostic possibilities such as other types of acute myeloid leukemia, lymphoma, and various carcinomas. Markers more useful in this regard include alpha-hemoglobin stabilizing protein, ferritin H, and others. [24] [25] [26] [27] [28] [29] Alpha-hemoglobin stabilizing protein has been proposed as a more specific marker for erythroid precursors in pure erythroid leukemia, as compared to CD71 and glycophorin A. 24, 26 Ferritin H is a specific marker for early erythroid precursors and macrophages, and is typically negative in more mature erythroid forms. 27 Second, when a pure erythroid leukemia case shows positivity for either of the erythroid-specific markers, glycophorin A or hemoglobin, the staining is often weak or present only in a small subset of the pronormoblasts. Thus, this requires the interpreter to be confident that it is true staining, not background/artifact, to establish erythroid lineage. This a finding that has been previously observed and reported. 14 In contrast to glycophorin A and hemoglobin A, which are often absent in early pronormoblasts or show only variable staining, CD71 is typically distinctly positive in early erythroid precursors. 25 On the basis of institutional resources and availability of immunostains, one may have more or less access to the more specific markers. Third, as erythroid progeny arise from bipotent megakaryocyte-erythrocyte progenitors, occasional cases of pure erythroid leukemia may show partial expression of antigens associated with megakaryocytic differentiation (eg, CD41 and CD61).
In our cohort, we did not detect megakaryocytic antigen expression on the proerythroblasts, although we only performed CD61 immunohistochemistry, which could potentially be limited in sensitivity. Fourth, some cases of pure erythroid leukemia may show expression of myeloid markers, such as CD13 or CD33, or T-cell markers, such as CD2 or CD7, which may cause diagnostic confusion with a myeloid or T-cell process rather than erythroid proliferation. 7, 29 Fifth, we noted a very high rate of immunopositivity for p53 in our series (100% in nine tested cases), similar to what has been reported in the literature. 12 Given that the literature suggests that strong diffuse positivity correlates at a molecular level with a TP53 mutation, 30 we speculate whether this finding may provide another data point supporting a neoplastic proliferation, as one awaits the cytogenetic results. Of the two cases in our series which had molecular studies and p53 immunohistochemistry, both were positive for both TP53 mutation and protein expression (Table 3 , patients 14 and 15).
Karyotypically, de novo pure erythroid leukemia appears to uniformly demonstrate an abnormal karyotype. The karyotype is generally complex (≥3 abnormalities), with most cases showing highly complex genetic alterations (410 abnormalities). From our study and an extensive review of the literature, all de novo pure erythroid leukemia cases exhibit an abnormal karyotype (Table 4 ). In de novo pure erythroid leukemia, over 95% of cases show a complex karyotype (≥3 abnormalities) with 66% overall showing a markedly complex karyotype (410 abnormalities; Table 4 ). Similar to de novo pure erythroid leukemia, the vast majority of secondary pure erythroid leukemia cases also have an abnormal karyotype (495%; Table 4 ). Wong et al, 12 Linu et al, 13 and Bacher et al 18 in a combined analysis of de novo and secondary pure erythroid leukemia showed 5/5, 4/4, and 4/7 cases with complex karyotype, respectively. When one compares the cytogenetic alterations between de novo and secondary pure erythroid leukemia, the findings appear similar for the more common abnormalities (Table 4) . Thus, in a challenging case when one is considering a diagnosis of pure erythroid leukemia and a normal karyotype is obtained, the diagnosis should be rendered with extreme caution with careful exclusion of other diagnostic entities.
While cases of pure erythroid leukemia, both de novo and secondary, nearly always demonstrate a complex karyotype in the published studies to date, a specific cytogenetic or molecular abnormality has not yet been elucidated. Many, though not all, pure erythroid leukemia cases reported in the literature do demonstrate recurring myeloid-associated cytogenetic abnormalities, such as del(5q), − 7/del(7q), and − 17/17p deletions 7, [12] [13] [14] [15] [16] [17] 20 (Table 4 ). Given the highly complex karyotypes, it is often a challenge to do a direct comparison of other, more complicated, genetic rearrangements. Another recurring cytogenetic finding that we and others have observed in pure erythroid leukemia karyotypes is presence of hypodiploidy, hyperdiploidy, or near tetraploidy in a respectable subset of the cases. These findings mirror those that may be seen in non-hematopoietic neoplasms such as carcinoma and sarcoma, and often create diagnostic confusion at a genetic level. The latter is particularly true when a myeloid-associated abnormality such as − 7/del(7q) is not observed as part of the complex karyotype. Therefore, it is imperative that the pathologist systematically excludes those diagnoses as part of the workup, particularly as CD71 and E-cadherin lack specificity for erythroid lineage.
Other unique and recurring cytogenetic findings in several of our cases were 7p abnormalities, wholearm rearrangements, and hsr's (Figure 2) , none of which are typically myeloid-associated. Whole-arm rearrangements have been observed in patients with pure erythroid leukemia. 31 Further molecular assessment of these abnormalities will hopefully provide additional insight into PEL with possible therapeutic implications.
TP53 mutations appear to highly characterize pure erythroid leukemia. Recently, Montalban-Bravo et al 16 demonstrated that pure erythroid leukemia was often characterized by more than one TP53 mutation using targeted sequencing. In their large series, they also noted a high proportion of cases showing co-occurrence of TP53 mutations and a loss of the TP53 genomic region from a deletional event. This suggests that a TP53 abnormality is quite typical of pure erythroid leukemia and certainly has a role in its pathogenesis. In addition, several authors have investigated and reported on the molecular profile of cases of pure erythroid leukemia, along with the previously recognized erythroleukemia (erythroid/ myeloid subtype of acute erythroid leukemia). Similarly to Montalban-Bravo et al, these investigators noted a high incidence of TP53 mutations, but a lower rate of FLT3, NPM1, and NRAS mutations as compared to acute myeloid leukemia, not otherwise specified. 5, 16, 32 The dismal prognosis, median overall survival of 1.4 months in this series, is slightly worse than that reported previously in de novo pure erythroid leukemia: 3.5 months (Liu et al 14 ) and 3.8 months (Montalban-Bravo et al; 16 Table 4 ). Park et al 15 showed a slightly longer overall median survival, 6.6 months. When comparing the prognosis of de novo versus secondary pure erythroid leukemia, the literature suggests that the overall median survival is quite similar with secondary pure erythroid leukemia showing 3, 2.9, and 2.1 months, respectively. 14- 16 Li et al 17 examined secondary pure erythroid leukemia and erythroblastic sarcoma, and found a median overall survival of 2.3 months. Other studies have reported a similar poor prognosis in cases of pure erythroid leukemia, although de novo and secondary pure erythroid leukemia cases may not have been separated in the analysis. Bacher et al 18 showed a 2-year overall survival rate of 30% for pure erythroid leukemia (three de novo and four secondary cases).
Given the dismal overall median survival for individuals with pure erythroid leukemia, confidence in the final diagnosis and necessary exclusion of other neoplastic myeloid entities is crucial. Important differential diagnostic considerations include myelodysplastic syndrome with an abundance of erythroid elements and acute myeloid leukemia with myelodysplasia-related changes. For myelodysplastic syndrome, several sentinel studies have shown that the determination of the myeloid blast count should be based on total bone marrow nucleated elements rather than as a fraction of the non-erythroid compartment because of the low reproducibility of non-erythroid blast counts and the close biological relationship between erythroleukemia and myelodysplastic syndrome. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the previous 2001 and 2008 World Health Organization classifications, a second subtype of erythroleukemia (erythroid/myeloid type) was recognized in cases with 450% erythroid precursors of which ≥ 20% of the non-erythroid elements consisted of myeloid blasts. As has been shown by Wang and colleagues, it appears that the erythroid/myeloid type of erythroleukemia is biologically and clinically similar to erythroid-rich myelodysplastic syndrome and that small changes in the percent myeloid blasts can result in significant differences in the final diagnostic category. These findings have warranted a change in the revised fourth edition World Health Organization classification. 1,2,7-11 Specifically, the diagnostic category of erythroleukemia, erythroid/myeloid type has been removed from the revised fourth edition World Health Organization classification and such cases are now categorized as myelodysplastic syndrome. 1, 2 For example, a case with 70% erythroid precursors, 7% bone marrow myeloid blasts, and o 1% circulating blasts would be classified as erythroleukemia (erythroid/myeloid type) in the 2008 World Health Organization classification, and as myelodysplastic syndrome with excess blasts-1 in whereas in the revised fourth edition World Health Organization classification. For acute myeloid leukemia with myelodysplasia-related changes, while there certainly may be an abundance of erythroid precursors (eg, 450%), ≥ 20% myeloid blasts (of all nucleated cells) must be present and the other requisite criteria must be met (eg, prior history of myelodysplastic syndrome). [1] [2] [3] Given the focus in the World Health Organization classification on clinicopathologic entities that are clearly defined and clinically distinct, it is not unreasonable to postulate that pure erythroid leukemia be considered a subtype of acute myeloid leukemia with myelodysplasia-related changes rather than acute myeloid leukemia, not otherwise specified. Both of these groups are morphologically and, to some extent, clinically heterogeneous. Currently, pure erythroid leukemia is considered a subtype of acute myeloid leukemia, not otherwise specified. While primary pure erythroid leukemia shares many features with acute myeloid leukemia with myelodysplasia-related changes, including variable dysplastic changes, complex karyotype, chromosome 5 and/or 7 abnormalities, and/or TP53 gene alterations, significant differences also exist in that acute myeloid leukemia with myelodysplasia-related changes currently requires ≥ 20% myeloblasts in the peripheral blood or bone marrow, and includes cases with normal or other nonspecific karyotypes; while pure erythroid leukemia shows a characteristic erythroid proliferation with an abundance of proerythroblasts (≥30%). As stated in the article by Arber et al 2 regarding the revised fourth edition World Health Organization classification, 'the category of acute myeloid leukemia with myelodysplasia-related changes has been refined to better incorporate cases with features suggesting a poor prognosis,' so pure erythroid leukemia would fit if the diagnostic criteria were modified. However, we think the terminology of pure erythroid leukemia would need to be retained, at least at this point, regardless of the overarching category in order to effectively communicate the sufficiently unique morphologic, genetic, and dismal prognosis features of this disorder. Another possibility is to consider pure erythroid leukemia as an entirely separate and distinct clinicopathologic entity. In many studies, it appears that an independent prognostic driver for poor outcome in acute myeloid leukemia is the complex and/or monosomal karyotype, so perhaps in the future the driver of classification and prognostication could be based on genetics.
In conclusion, this study provides detailed clinicopathologic and cytogenetic features of de novo pure erythroid leukemia and a review of the recent published literature. In addition to confirming that pure erythroid leukemia is a rare entity (o 1% of all acute myeloid leukemias), we emphasize that pure erythroid leukemia can be a challenging diagnosis to make. The diagnostic workup requires an integrated approach and comprehensive assessment, including the demonstration of an abnormal karyotype. Indeed, in the absence of an abnormal, typically complex karyotype, the diagnosis should be reconsidered. On the basis of review of the primary literature, given that the overall median survival and karyotypic findings of de novo pure erythroid leukemia are similar to those reported for secondary pure erythroid leukemia, such a distinction may not be clinically necessary. Additional studies such as next-generation sequencing may facilitate identification of actionable mutations of this highly unusual entity.
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